A., AND has been used extensively to estimate metabolic rates of humans and large experimental animals. Systems for determination of oxygen consumption (Vo,) in small animals have been suggested (5, (8) (9) (10) (11) 14) , but these systems have been limited by their inability to determine carbon dioxide production (VCO~) or applicability for use in conjunction with systems where external work rate could be quantified. In view of long recognized effects of training on the cardiovascular system, and work which describes increases in skeletal muscle respiratory capacity (7) and skeletal muscle fiber adaptations in response to physical training (1, 121 , it is important to describe heart rate (fH), Vo2, and VCO~ in the intact rat during controlled exercise. Further, in view of the advantages possessed by isotope tracer techniques for the study of metabolism, it is important to quantify the production of 14C02 following infusion of 14C tracers and to confirm the presence of steady-rates of Vo, and Vco2. Here we describe a rapid-flow, open-circuit system for determination of oxygen consumption, carbon dioxide production, carbon dioxide specific activity, and heart rate in rats at rest or during treadmill running.
METHODS
Description of apparatus. A bottomless Plexiglas metabolism chamber (9.5 x 32.5 x 11.5 cm) (Fig. 1, B ) was designed to fit into one stall of a Quinton rodent treadmill (model 42-15). Electrified prods (Fig. 1, BI ) protrude 4.5 cm into the rear of the chamber, with variable voltage provided from the shocking powerstat of the treadmill. The chamber has a double ceiling, with a g-mm space separating the two. The lower ceiling (Fig. 1, B2 ) has 64 evenly spaced 3mm holes and acts as a manifold. Tygon tubing is attached to the air outlet ( Fig. 1, B3 ). Transversely mounted bars are placed across the top of the chamber, so that the chamber's weight is supported on adjacent treadmill stalls. Beltchamber clearance is approximately 2 mm at the front, and the bottom edges of the chamber are in contact with the belt along the sides and back. This allows for entrance of ambient air into the chamber and a unidirectional flow by the animal. The outlet tubing connects to a needle valve (Fig. 1, C) , flowmeter ( Fig. 1, 0 ) (Gilmont D-216), and then to the inlet side of a Universal Electric pump (Fig. 1, E) . Flow is regulated to 5,000 ml/min STPD depending on daily barometric pressure and ambient relative humidity. After the flowmeter, a T tube directs 4,500 ml/min to a fume hood (Fig. 1, 0) as waste, while 500 ml/min are passed through CaSO, (Fig. 1, F) for dehydration preparatory to gas analysis. Beckman LB-2 CO2 (Fig. 1, G) and Applied Electrochemistry S-3A 0, (Fig. 1, H ) sensors are connected in series with an Applied Electrochemistry R-l flow control (Fig. 1, K) , which contains a flow meter, needle valve, and pump (Fig. 1, K1 and K2, respectively). The digital output of both analyzers is recorded on a Brush 440 recorder (Fig. 1, J) . The recorder is calibrated to give 0.5% full-scale deflection for both 0, and CO,. After analysis, the 500 ml/min flow is directed to a series of 12 C02-trapping columns with individual stopcocks (Fig.  1, L and N) . These columns can be filled with 50 ml of ethanolamine-methyl cellusolve (1:2, vol/vol) ( Fig. 1,  M) and permit the continual quantification of 14C02 Coiled ECG leads, made from cotton-covered Manganin, are available inside the chamber for connection to subdermally implanted copper wire electrodes on the rat (transthoracic placement with grounding above tail). ECG is recorded on a third channel of the Brush recorder following amplification on a Brush Universal ECG (124218) amplifier (Fig. 1,1> .
CaZcuZations. VoZ and Vco, were calculated essentially as described by Consolazio et al. (3) for humans using the premise of pulmonary N, equality in ventilation and the Haldane transformation . Calibration and validation. The gas analyzers were calibrated before, during, and after an experimental period using tank gases previously established by the Scholander microtechnique. In this and other studies we have observed these analyzers to maintain calibration over 4 h.
A variety of experiments were performed to determine if loss of expired gas at the bottom of the chamber could affect results. The metabolism chamber (chamber flow 5,000 ml/min, analyzer flow 500 ml/min) was sealed at the bottom by placing it in 1.25 cmH,O. A bypass U tube was included to allow 5,000 ml/min flow of ambient air into the chamber. Calibration gas of known composition was bled into the chamber through a small tube at a rate to produce an increase in CO, and a similar decrease in 0,. The chamber was then removed from the water and placed on a motionless treadmill. The U tube was removed but flow of calibration gas was maintained. The CO, and O2 values observed with the chamber on the treadmill did not deviate from those observed over H20, thereby establishing that insignificant gas exchange occurs at the chamber bottom. To determine the effect of belt movement on gas exchange at the chamber bottom, the treadmill was turned on and gas values were observed over a lo-min period. This procedure was repeated with 2.8 m/min increments in speed over the range of treadmill speeds (O-58 m/ min).
The half-response time of the system for gas analysis was established by two methods. First, the response to the admission of known gases into the chamber was recorded. Second, the response time of the total system (including tr apping columns) was assessed by introduc-ing a known amount of 14C02 into the metabolism chamber and quantifying the appearance of radioactivity in the traps. For this procedure 14C02 was generated by reacting Ba14COs with H,SO, and trapping the 14C02 evolved in a Mylar bag, which was then filled with a mixture of 0.5% CO, and 20.5% 0,. The 14C02 gas mix was pumped into the metabolism chamber at a controlled rate. Gas was trapped sequentially in individual columns for one minute. This procedure was repeated five times.
A series of experiments was conducted on 10 animals to compare Vo, values obtained with the open-circuit system and closed-circuit system. A Collins g-liter respirometer was joined in a closed circuit with a glass bell jar (to house animals) and a pump to circulate gas through the system. Pairs of animals were lightly anesthetized (pentobarbital sodium, 30 mg/kg), with one animal placed in a closed system and the other in the open system. Forty minutes were allowed for equilibration of both systems, followed by a 40-min assessment of Vo,. Total Vo, from the chart recording of the closed-circuit respirometer was obtained and corrected to a one minute value. From the O2 and CO, content tracings of the open system, 40 l-min values were averaged to calculate a representative Vo, for the observation period. At the end of the 80-min procedure, the animals were exchanged between systems and the protocol was repeated. To achieve the effect of increasing the number of mets within the chambers, this protocol was repeated with two animals simultaneously in each system, the maximum number which could be accommodated.
Data are reported on 12 animals (6 pairs).
Relationship between Vo2 and heart rate during exercise. Five female Wistar rats (Simonsen Labs, Gilroy, CA), 2 mo old, were used in a series of experiments to assess the effect of running speed and grade on Vo,, hoz, and fH. These rats were fed ad libitum on laboratory rat chow (Feedsttis Processing, San Francisco, CA) and were housed in separate cages maintained on a 6:OO A.~.:6:00 P.M., 1ight:dark cycle. Rats were conditioned to run by a progressive training program so that at the time of testing they were exercising at 28.7 m/ min on a 15% grade for 60-75 min/day, 5 days/wk. In addition, rats were familiar with running inside the metabolism chamber. The purpose of this training program was not to contrast differences between trained and sedentary animals, but rather to familiarize animals with the apparatus and to develop consistent, reliable running performances so that the metabolic effects of treadmill speed and grade could be assessed. On five separate occasions, at least 1 day apart, rats ran continuously at three incremental speeds (14.3, 28.7, and 43.1 m/min), with the grade held constant at either 1, 5, 10, 15, or 20%. The order of grades was systematically adjusted among rats to minimize training effects. During any given experiment an animal was given a 3-min rehabituation run inside the chamber at 14.3 m/min, 1% grade. The purpose of this preliminary exercise was to orient animals in the direction to run so that they would not become entangled in the ECG leads during hard running. The exercise was momentarily stopped while the ECG leads were attached to recording clips. Exercise then continued for 7 additional minutes at 14.3 m/min, 5 min at 28.7 m/min, and 5 min at 43.1 m/min. Respiratory parameters and fH were calculated from values recorded during the last minute of exercise at each work intensity.
Metabolic responses of rats to prolonged exercise. To study the metabolic responses of animals over prolonged periods, six animals were observed for 90 min at rest and two levels of exercise. These were running at 14.3 m/min on a 1% grade (easy exercise, EE), and running at 28.7 m/min on a 15% grade (heavy exercise, HE). These animals were maintained, trained, and treated as other animals subjected to exercise.
RESULTS
Results of the experiments to recover 14C02 added to the metabolic chamber indicate rapid equilibration and complete mixing within the system. The half-response time was 27 t 3 s (mean t SE) (Fig. 2) . Similar kinetics were observed in deflections of O,-and CO,-content tracings when known gases were bled into the chamber, or when rats were inserted into, or removed from the chamber.
Results of experiments to investigate the effect of treadmill belt movement on the potential for gas exchange at the chamber bottom indicated only small and transient fluctuations at the onset and offset of belt movement. Peak deviations approximated 0.5% of the steady value (0.1% actual value), and steady values were reestablished within a minute. No systematic changes were observed in gas values due to treadmill belt speed. The metering in of mixed gas through a U tube when the chamber bottom was sealed by immersion in HZ0 gave steady values of 20.69% O2 and 0.34% CO,. Linear regressions relating the steady values of 0, and CO, with belt speed when the chamber was on the treadmill were Relationships between Vo, and running speed, and fH and running speed are given in Fig. 3 . Positive, though nonlinear, relationships are apparent between Vo, and speed of running on a constant grade (Fig. 3A) . Similar, but more linear, trends are apparent in the relationship between heart rate and speed on a constant grade (Fig.  3B ) . Correlation coefficients between Vo, and external Results of experiments to determine metabolic responses of rats to prolonged periods of observation (Fig.  4) indicate a clear differentiation of responses to the three conditions studied. Excitement of animals due to handling resulted in elevated rates of metabolism in all conditions, especially at rest. Values of respiratory exchange were also related to condition and excitement. At the onset of running in heavy exercise R exceeded unity but then declined over time. Values of R at the slower running speed were less than those at the higher speed and grade, but greater than those at rest. At rest, excitement associated with handling resulted in increased values of R in comparison to later periods of quiescence. In the three conditions studied (rest, easy, and heavy exercise) the times required to reach metabolic steady rates were approximately 46, 25, and 15 min, respectively. Steady-rate values for Vo, and koz were: at rest 29.7 and 23.8, in EE 51.1 and 45.3, and in HE 69.0 and 65.1 ml/kg per min. During the 90rmin observations on nonrunning animals, the greatest values for Vo, observed were approximately 70% greater than the steady-rate values. On a per unit weight basis, steady-rate values of Vo, in resting animals were 70% greater than those in anesthetized animals. DISCUSSION We have described a versatile, rapid response system enabling quantification of metabolic rate of laboratory rats during treadmill exercise. In addition to allowing the assessment of metabolic and cardiac frequency responses under a wide range of exercises, the system lends itself to quantification of 14C0, evolution following 14C tracer infusion. Data were obtained demonstrating steady values for Vo, and Vco2 in response to prolonged, Respiratory exchange ratios (R = %o~/~o,> are group means with the geometric symbol shapes corresponding to metabolic conditions as indicated above.
constant work loads. Statistically significant and high correlations among VoZ, fH, external work, running speed, and grade have been demonstrated. These correlations support the conclusion that the metabolic responses to treadmill running are predictable. During the course of the development of the system, a variety of flow rates were experimented with before settling upon 5,000 and 500 ml/min flows through the metabolism chamber and sensors, respectively. The flow rate of 5,000 ml/min through the metabolism chamber was sufficient to insure unidirectional flow, and recordings of FE% and FEDS, gave measureable deflections with both resting and exercising animals. At higher flow rates (e.g., 7,500 ml/min) changes in fractions of 0, and CO, across the chamber were less in proportion, but the flow rate through the chamber could not be controlled with the same precision as at 5,000 ml/ min. Subsequent to this investigation we have had the opportunity to test 600-g male rats. In such situations it is advisable to increase the flow to keep O2 and CO2 changes less than 0.5%. The flow rate of 500 ml/min through the sensors and 14C02 traps was selected for the following reasons Response to the LB-2 analyzer was linear at this flow; this flow was conveniently treated in the CO, trapping columns, and the fraction of the total CO, trapped (l/10) represented an acceptable efficiency when the system was used during 14C tracer experiments.
Although results obtained comparing the open and closed systems with either one or two animals in each system revealed no differences between the systems, the values obtained with two animals were approximately 15% greater than with an animal in each system. These results were probably due to differences in the levels of anaesthesia and to greater body cooling when individual rats were placed in each system. However, since both open and closed systems gave comparable results, the differences observed were due to the animals, not the apparatus.
Determinations of Vco2 and Vo, of rats during incremental tests to assess the relationship between vo2 and ffl in this study resulted in values of respiratory exchange which exceeded unity even during easy exercise. We attribute this result at low work loads to the excitement of animals during exercise. When placed on the treadmill to exercise, rats squealed and responded to easy exercise with uneven pacing. Evidence that the elevated values of R observed in this study were transitory and due to excitement is found in data obtained during prolonged observations (Fig. 4) where R was seen to decline over time. The low correlations between fl] and external work at lower work rates ( Our values determined at 1% inclination are consistent with that observation.
However, their values are approximately 6.0% greater at the three running speeds the two studies share in common. This difference may be attributable to training-induced bradycardia in our animals (13), or to greater familiarity, and lesser excitement, of our animals to the apparatus.
The apparently nonlinear responses of Vo, to speed of running at increasing inclinations ( Fig. 2A) is essentially the same result as obtained by Wunder and Morrison (15) with red squirrels during incline running. It is likely that the plateau in Vo,, or at least the beginning of a plateau, on the 20% grade is a break in linearity due to the attainment of a true Vo, max. At lesser grades the animals running at 43.1 m/min may be approaching a Vo, max for that particular grade.
Investigations of fiber recruitment have demonstrated in laboratory animals and in humans that there exist thresholds of exercise intensity that elicit orderly increments in muscle fiber recruitment.
According to this size principle (6) , increased work intensity would result in increased utilization of glycogenolytic, glycolytic muscle fibers for energy transduction.
Recruitment of these fibers at higher work loads could explain a nonlinear response of Vo, to increments in speed on a constant grade.
Another factor that may have produced nonlinear relationships between Vo, and speed on constant grade was the erratic pacing of rats at lower workloads.
At lower speeds and grades rats appear to utilize their power inefficiently and their running is accompanied by extraneous activity.
As the work intensity increases, however, rats are forced to devote their energies to the external work load. Hence, the consistency of pacing and economy of motion at higher grades may give rise to the results of a nonlinear relationship between 00, and speed. 
